Patent Number: Date of Patent: 11 45) ity Coatings', Applied Physics Letters, vol. 50(25) , pp. 1773 -1775 , Jun. 22, 1987 shown to demonstrate the many forms that the overall laser structure can take and, in particular, the nature of the outer or inner cladding regions of different superlat tice geometries and forms. U.S. Patent Nov. 21, 1989 This invention relates generally to semiconductor lasers and more particularly to such lasers having a modified active region and/or adjacent cladding re gions to provide for lower thermal resistance, improved optical confinement, improved optical confinement, lower series resistance and beam width control.
Over the past several years, there have been improve ments made in the threshold current density of single and multiple quantum well (SQW & MQW) heteros tructure semiconductor lasers as well as an increase in To, which has been a traditional indicator of threshold /temperature dependence in laser operation. High val ues of To correspond to low sensitivity of laser current threshold to operating temperature. These improve ments have been made in such quantum well lasers by first providing separate confinement heterostructure quantum well laser (SCHQW) structures having a sin gle quantum well (SQW) or multiple quantum well (MQW) Letters, Vol. 50(23), pp. 1634 -1636 , Jun. 8, 1987 . It is a principal object of this invention to provide im proved current density threshold structures indepen dent of waveguide parameters with a better degree of beam width control, improved higher thermal conduc tivity and lower sensitivity to temperature with atten 
SUMMARY OF THE INVENTION
According to this invention, a quantum well heteros tructure laser has low current density threshold and high To values and includes a plurality of contiguous semiconductor layers formed on a substrate wherein one or more the layers form an active region capable of quantization of electron states. The active region is confined by a pair of outer superlattice regions which provide optical confinement and low thermal resistance while preventing the development of antiwaveguiding properties. Many configurations are presented in order to demonstrate the many forms that the overall laser structure can take and, in particular, the nature of the outer or inner cladding regions of different superlattice geometries and forms. For example, outer superlattice regions may have a modulated grading in compositional value between minimum and maximum values, the tran sition energy levels of said outer superlattice regions being higher than the lowest transition energy levels exhibited by said active region. These superlattices may have a high period of frequency comprising alternating layers of wells and barriers, e.g., 30-100 layers, wherein each layer has a thickness in the range of 20A-300A with preferred thickness in excess of 50A for improved thermal properties. The outer superlattice regions may further be linearly graded in overall refractive index via a monotonic compositional change from a minimum value adjacent to the active region to a maximum value at the outer limits of the outer cladding layers.
In another embodiment, the outer superlattice re gions may be sawtooth shaped having a modulated grading in refractive index between maximum and mini mum values of continually varying compositional con tent while simultaneously linearly graded in overall refractive index via a monotonic compositional change from a minimum value adjacent to the active region to a maximum value at the outer limits of the outer clad ding layers.
The active region may be comprised of a single quan tum well, a multiple quantum well or a superlattice having a sawtooth shaped with a modulated grading in refractive index between maximum and minimum val ues of continually varying compositional content.
The compositional variance or change may be com prised of per cent changes of Al in the GaAs/GaAlAs regime which can be brought about during computer controlled MO-CVD growth.
Other objects and attainments together with a fuller understanding of the invention will become apparent and appreciated by referring to the following descrip tion and claims taken in conjunction with the accompa nying drawings.
BRIEF The following described figures relate to energy pro files for the conduction band of semiconductor heteros tructures useful in carrier confinement and optical waveguiding and confinement in semiconductor lasers. The principal aspect of these structures is optical con finement with lower thermal conductivity and thermal resistance and higher To. They also have applicability to other semiconductor device and structures such as, waveguide structures for on-chip optical communica tion or III-V transistor devices. They further have the advantage that lower electrical series resistance can be realized leading to higher power conversion efficiency. While the description relates to the illustrations of structures via energy band profiles, it should be under stood, as is known in the art, that these profiles are also analogous to compositional profiles for the same struc tures. Thus, the figures are also referenced to composi tional values as well as being representative of the en ergy band profile for the structure.
The structures shown are fabricated by conventional MO-CVD techniques. The modulation and graded changes in compositional value, i.e., modulated and graded changes in GaAlAs during growth is accom plished under computer control. Reference is now made to FIG. 1 illustrating an energy band profile configura tion for a separate confinement heterostructure multiple quantum well (SCH MQW) structure 10. Structure 10 contains an active region having a superlattice 12 of several quantum wells 14 separated by barriers 16A and 16B of alternating height. As is known in the art, wells 14 may be comprises of GaAs or Ga1-xAl-As, where x is a small value, and barriers 16A and 16B may, respec tively, comprise Ga1-AlyAs and Ga1-zAlzAs where Z>Y>X. Separate confinement is provided by inner cladding layers 18 and 20 of Ga1-zAlAs for the purpose of optical waveguiding of the propagating radiation. Superlattice 12 is preferably symmetrical in the wave guide as defined by region 12 and layers 18 and 20.
In FIG. 1, the electron energy, E1, is preferentially below level Y, although operation can also be achieved below Z. Because of the lower bandgap of barriers 16A vis a vis barriers 16B, the thermal conductivity of barri ers 16A is lower than barriers 16B thereby providing improved thermal properties. Electron capture in the wells, however, is aided by the higher bandgap of barri ers 16B. Thus, by the combination of two barrier heights as exemplified in FIG. 1 from Ga1-yAlyAs to Ga1-zAlzAs where z)y> x.
The purpose of cladding regions in the embodiments of FIGS. 2 and 3, as well as in embodiments yet to be explained, is to provide cladding regions having im proved control of the width of the output beam of the laser with a beam of narrow waist and low divergence as well as to adjust for such waveguide parameters independent of electrical parameters of the laser. In FIG. 4 4,882,734 7 The structures of FIGS. 3-8 must be designed so that the GRIN SATH SL regions do not have a potentially low average index value which will be antiwaveguiding or absorbing to the propagating radiation. In this con nection, these regions should have an overall higher average Al content. Also, the sawtooth regions provide for a single selected wavelength or, at the most, a very narrow wavelength emission spectrum, with good wavelength guiding properties. The selection of wave length is dependent on the average compositional con tent, e.g. the per cent amount of Al content in the ter nary alloy, GaAlAs, present in these regions. Care must be taken such that in the case of all embodiments having modulated cladding layers, that the modulated layers be heavily doped and/or the well thickness in those layers be less (e.g., 20A or less) than that of the well or wells in the p-n junction in the active region in order to avoid injection carrier capture in the modulated cladding layers, i.e., to avoid electron capture outside the in tended recombination active region of the device. This is true, for example, for the embodiments shown in [7] [8] [9] [10] [11] [12] [13] 15, [19] [20] [21] [22] [23] Reference is now made to FIG. 9 In FIG. 15 , there is illustrated an energy band profile configuration for structure 160, similar to the design of structure 148 shown in FIG. 14, so that corresponding elements of each of these structures carry the same numerical identifiers and the corresponding description is equally applicable. Outer cladding SL regions 165 and 166 of LIN GRIN SCHSQW structure 160, how ever, contain superlattices comprising alternating clad ding wells 167A and cladding barriers 167B where LA=LB and wells 167A have a compositional content of Ga1-AlAs while barriers 167B have a compositional content of Ga1-AlzAs where zdy)x. SL regions 165 and 166 may also have a period where LA 7-LB or have a denser frequency, i.e. a shorter period, e.g., forty alternating layers of Ga1-yAlyAs and Ga1-2Al-As where, LA=LB=20A-60A.
The design of structure 160, as well as the structure designs of FIGS. 11-14, provide for beam width control characterized by output beams of narrow waist and small divergence, which parameters may be selected by changes in the extent of the superlattices and changes in varying compositional value provided in these struc tures providing high optical output power.
In FIG. 16 , there is illustrated an energy band profile configuration for structure 168, which is similar to the design of structure 148 shown in FIG. 14 except for outer cladding barriers 170 and 172 to form a waveguid ing mechanism. Corresponding elements of each of these structures, therefore, carry the same numerical identifiers and the corresponding description is equally applicable. Outer cladding barriers 170 and 172 of LIN GRIN SCH SQW structure 168 comprises regions of higher graded index value of Ga1-wAlAs than outer cladding regions 155 and 156 of Ga1-AlzAs, i.e. wdzdydz, to provide for optical wave confinement and narrow far field output beam. In FIG. 17 , there is illustrated an energy band profile configuration for a structure 180, which is, similar in design of structure 168 shown in FIG. 16 or gradual drop in Al content from w to z. This im proved structural design provides for higher optical output power with lower thermal resistance compared to the structure of this patent.
The remaining structures to be described in FIGS.
19-23 relate to various active regions which, for the majority cases, contain outer cladding regions having short period superlattices of alternating AlAs and GaAs in order to provide for better thermal conductivity than ternary GaAlAs per se resulting in a device that has higher optical power output and lower sensitivity to temperature changes over continuous operation. In FIG. 19 , there is illustrated an energy band profile configuration for a linear graded index, separate con finement heterostructure (LIN GRIN SCH) SQW structure 200 having outer cladding regions 205 and 206 of short period superlattices, e.g., 30-100 alternating layers of GaAs and AlAs wherein the thickness of each of these layers may be, for example, in the range of 20A-60A. Other components of structure 200, i.e., cen tral well 150 and LIN GRIN layers 153 and 154, are the same as corresponding components found in FIGS. 16 and 17 and, therefore, the corresponding description is equally applicable. The doping profile of the junction P-I-N is shown. With this profile injection into and capture of charge in the modulated cladding layers is eliminated. Such a structure is also required for any 45 50 55 laser having such a modulated cladding layer. As previ ously indicated, such a structure may be also fabricated so that the modulated cladding layers are heavily doped and/or the well thickness in those layers be less (e.g., 20A or less) than that of the well or wells in the p-n junction in the active region in order to avoid injection carrier capture in the modulated cladding layers. 205, 206; 211,213; and 223 and 224 , provide a sufficient level of Al content to prevent antiwaveguid ing but permitting the attainment of high output power levels due to the lower thermal resistance provided by the inclusion of these SL regions. Furthermore, series resistance of the layers can be reduced relative to layers that must have a composition near the direct/indirect bandgap crossover.
While the invention has been described in conjunc tion with a few specific embodiments, it is evident to those skilled in the art that many alternatives, modifica tions and variations will be apparent in light of the foregoing description. Accordingly, the invention is intended to embrace all such alternatives, modifications and variations as fall within the spirit and scope of the appended claims. 1. In a quantum well heterostructure laser exhibiting low current density threshold and high. To values, said laser comprising a plurality of contiguous semiconductor layers formed on a substrate, one or more said layers forming an active region capable of quantization of electron states, said active region confined by a pair of outer superlat tice regions providing optical confinement and low thermal resistance while preventing the develop ment of antiwaveguiding properties. 2. The quantum well heterostructure laser of claim 1 wherein said outer superlattice regions have a modu lated grading in compositional value between minimum and maximum values, the transition energy levels of said outer superlattice regions being higher than the lowest transition energy levels exhibited by said active region. s 3. The quantum well heterostructure laser of claim 2 wherein said outer superlattice regions have a high period of frequency in said modulated grading compris ing alternating layers of wells and barriers wherein each layer has a thickness in the range of 20A-300A.
4. The quantum well heterostructure laser of claim 2 wherein said outer superlattice regions are sawtooth shaped having a modulated grading in refractive index between maximum and minimum values of continually varying compositional content while simultaneously linearly graded in overall refractive index via a mono tonic compositional change from a minimum value ad jacent said active region to a maximum value at the outer limits of said outer cladding layers.
5. The quantum well heterostructure laser of claim 2 wherein said outer superlattice regions are linearly graded in overall refractive index via a monotonic com positional change from a minimum value adjacent said active region to a maximum value at the outer limits of said outer cladding layers.
6. The quantum well heterostructure laser of any one of the claims 1 through 5 wherein said active region comprises a single quantum well.
7. The quantum well heterostructure laser of any one of the claims 1 through 5 wherein said active region comprises a multiple quantum well. 8. The quantum well heterostructure laser of claim 7 wherein said multiple quantum well is a superlattice having a sawtooth shaped with a modulated grading in refractive index between maximum and minimum val ues of continually varying compositional content.
9. In a quantum well heterostructure laser exhibiting reduced thermal and electrical resistance and high To value, said laser comprising:
(a) a plurality of contiguous semiconductor layers 4,882,734 13 11. The quantum well heterostructure laser of claim 9 wherein said cladding regions and active region com prise a P-I-N profile.
12. The quantum well heterostructure laser of claim 9 wherein said cladding regions comprise compositional sawtooth shaped superlattices.
13. The quantum well heterostructure laser of claim 9 wherein said cladding regions comprise compositional graded index sawtooth superlattices. 14 14. The quantum well heterostructure laser of claim 9 wherein said cladding regions comprise thickness graded index sawtooth superlattices.
15. 
